Abstract-We consider nonlinear propagation of optical pulses in a cubic-quintic nonlinear medium wherein the pulse propagation is governed by the generalized nonlinear Schrödinger equation with varying dispersion, nonlinearity and gain/loss. Using the self-similar analysis, we present the generation of chirped bright solitons in the anomalous dispersion regime as well as the normal dispersion regime under the influence of both cubic and quintic nonlinearity. We also find the necessary and sufficient condition for the existence of the resulting self-similar solitary pulses through the physical parameters of the governing systems. Furthermore, our results show that the chirped solitons can be nonlinearly compressed cleanly and efficiently even in the presence of gain/loss.
approximately exponentially [5] . More recently, the self-similar (SS) analysis has been utilized to generate linearly chirped pulses in optical fibres and fibre amplifiers. Self-similarity is a common phenomenon in nature. Common objects like tree branches, snowflakes, clouds, rivers, or shorelines, appear similar even at a wide range of magnification scales. An object is said to be self-similar if it looks roughly the same on any scale. Thus, self-similarity is defined as the property whereby an object or mathematical function preserves its structure when multiplied by a certain scale factor [6] . Self-similarity is more than a curiosity of nature. Theoretical studies based on the selfsimilarity analysis of the nonlinear Schrödinger (NLS) equation with constant gain, have revealed that the interplay of normal dispersion, nonlinearity, and gain produces a linearly chirped pulse with a parabolic intensity profile which resists the deleterious effects of optical wave-breaking [7] . Asymptotic SS solitary pulses have been investigated using the NLS-type equation in the presence of gain [8] . Chirped solitary pulse compression has been demonstrated in these optical amplifiers. Very recently, using the self-similar analysis, chirped Bragg solitary pulses have been theoretically generated near the photonic bandgap of a non-uniform fiber Bragg grating, and the possibility of pedestal free Bragg soliton pulse compression is examined [9] . Furthermore, using the variational analysis, we have also theoretically investigated the generation of chirped fundamental optical solitons, which are formed because of the presence of the chirp in contrast to conventional solitons which are chirp free, wherein we have correlated our results with that of the self-similar analysis. For an exponentially decreasing dispersive medium, through the Hirota bilinear method and variational analysis, we have shown that the intensity and the chirp of the chirped soliton increase exponentially while its width decreases exponentially. These properties are consistent with those of the self-similar behavior [10] .
Nowadays, the pulse propagation through competing nonlinearities has received much attention since the competition between nonlinearities of different orders, such as cubic and quintic, could cause strong stabilization of the pulse propagation [11] . Competing nonlinearities of different orders may be realized physically if one considers high optical intensities or materials possessing high nonlinear coefficients, for instance, semiconductor doped glasses [11, 12] . One of the fascinating examples of these competing nonlinearties are the stabilization of vortices and vortex tori in cubicquintic nonlinear media [13] [14] [15] [16] . Recently, bright and dark quasi solitons have been studied, for the cubic-quintic nonlinearity, by ansatz method [17] . The main objective of the present paper is to investigate the pulse compression of the chirped soliton pulse, which has been studied with the proper self-similar scaling, under the influence of competing cubic-quintic nonlinearities. The paper is organized as follows. Section 2 deals with the theoretical model where the origin of the next higher order nonlinearity called fifth order (quintic) nonlinearity is addressed. In Section 3, we discuss the generation of chirped pulses for anomalous and normal dispersion regimes and also investigate the corresponding pulse compression studies under the competing nonlinearities. In Section 4, we conclude our investigations.
THEORETICAL MODEL
The interest for considering cubic-quintic (CQ) nonlinearity in our model stems from a nonlinear correction to the medium's refractive index in the form δn = n 2 I − n 4 I 2 , where I being the light intensity and the coefficients n 2 , n 4 > 0 determine the nonlinear response of the media. They are related to third order susceptibility χ (3) and fifth order susceptibility χ (5) through n 2 = 3χ (3) /8n 0 and n 4 = −5χ (5) /32n 0 , where n 0 being the linear refractive index. Although, formally it may be obtained by an expansion of the saturable nonlinearity δn = n 2 I [1 + (n 4 /n 2 ) I] −1 , it is restricted under the effect of self-focusing as d (δn) /dI. However, the CQ model changes the sign of focusing at a critical intensity I c = (n 2 /2n 4 ). An experimental measurement of the nonlinear dielectric response in the para-toluene salfonate (PTS) optical crystal aptly models the abovementioned insights [18] . The above mentioned nonlinearity can be obtained by doping a fiber with two appropriate semiconductor materials. One should have positive sign n (1) 2 > 0 and large saturation intensity and other should have a negative sign n (2) 2 < 0 with nearly same magnitude but low saturation intensity, i.e., |n (1) 2 | ∼ |n (2) 2 | and I (2) sat
sat . The pulse propagation in the above mentioned competing nonlinearities is governed by the generalized cubic-quintic NLS (CQNLS) equation with distributed linear gain is given by,
where all the physical parameters β, γ, δ and g are functions of the propagation distance z. This equation describes the amplification or attenuation of nonlinear pulses propagating nonlinearly in the single mode optical fiber under the influence of both cubic and quintic nonlinear effects. The sign of the parameter g(z) determines wether it is amplification or attenuation. The function A(z, t) is the slowly varying envelope of the axial electrical field, τ is the retarded time, β(z) is the group velocity dispersion and g(z) is the distributed gain function. The cubic and quintic nonlinear parameters are given by γ = 2πn 2 / (λ 0 A eff ) and δ = 2πn 4 /(λ 0 A 2 eff ), where λ 0 is the central wavelength.
Now we start to investigate the so called chirped soliton under the influence of cubic-quintic nonlinearity by a scaling analysis known as self-similar analysis. For this purpose, the complex function A(z, τ ) can be written as,
where Q and Φ are the amplitude and phase of the envelope function A respectively. In order to study generation of chirped soliton of Eq. (1), the following quadratic phase form is assumed,
According to self-similar scaling analysis, the amplitude depends on a scaling variable θ which is a combination of variables (τ − τ c ) and some function Γ(z) of variable z. Indeed the self-similar solutions possess scaling structure. Hence, we represent the amplitude Q(z, τ ) in the following form,
The scaling variable θ and the function G(z) are
where τ c is the center of the pulse. Here Γ(z) and F (θ) are some functions which have to be determined. It is also assumed that Γ(0) = 1 without loss of generality. Now substituting Eqs. (2) and (4) into Eq. (1), the quadratic phase coefficient α 2 (z) and the function Γ(z) are found to be
where α 20 = α 2 (0) = 0 because the phase should be a quadratic function of variable (τ − τ c ) and
In addition to the above conditions, we also find
It should be emphasized that the coefficients in Eq. 
where λ 1 , λ 2 , and λ 3 are constants. Therefore, the above equations yield
because Γ(0) = 1 and G(0) = 0. Thus, in the nontrivial case Eq. (8) can be written as
The solution of Eq. (9) is
where α 10 is an integration constant. Now we proceed to find the distributed gain function using Eqs. (10) and (11) g
where we define the function ρ(z) as
These are all the necessary and sufficient conditions for the existence of the self-similar solutions of the generalized CQNLS Eq. (1) with distributed coefficients.
CHIRPED SELF-SIMILAR BRIGHT SOLITON
In the previous section, we have discussed the phase and the amplitude of self-similar solutions of the generalized NLS equation with distributed coefficients which are given by expressions (15) and (16) . On integrating Eq. (13), we investigate the amplitude of the bright solitary wave by applying the following physical condition β(z) < 0 in Eq. (13) [19, 20] . Here, the integration constant λ 1 is chosen to be 1/τ 2 0 , where τ 0 is the initial pulse width.
where ρ 1 (z) = β(z)/γ(z) and ρ 2 (z) = β(z)/δ(z). Equation (17) is the linearly chirped self-similar bright solitary pulse since it propagates in a shape preserving manner in a fiber medium under the influence of cubic-quintic nonlinearity. Here it should be emphasized that the above bright soliton result exactly goes to the well known case of Kerr nonlinearity when the quintic nonlinearity is switched off [8] . The resulting chirped bright solitary pulse is of practical significance as it possesses a strictly linear chirp which eventually leads to efficient pulse compression. In order to investigate pulse compression of the chirped bright soliton pulse under the competing nonlinearities, we assume that the dispersion and the cubic nonlinearity parameters are distributed according to
where β 0 < 0, γ 0 > 0, and σ = 0 (σ > 0 for dispersion decreasing fibers). At this juncture, we do not know how the next higher order nonlinearity called quintic nonlinearity varies. So, we shall find the condition for the quintic nonlinear parameter in the following using Eqs. (10) and (11) 
To discuss the pulse compression, we assume a semiconductor doped (chalcogenide AS 2 Se 3 ) fiber of length L = 6 km. The effective core area of the fiber is considered as 10 µm 2 . The cubic and quintic nonlinear coefficients are calculated as γ 0 = 8900 W −1 km −1 and δ 0 = 32 W −2 km −1 respectively. Here, we choose the initial GVD value to be β 0 = −20 ps 2 km −1 . This initial GVD monotonically decreases to a final value at the end of the dispersion decreasing fiber medium β(z = L), which can easily be calculated from Eq. (18) . The compression scenario of the bright soliton under the influence of the competing nonlinearities is shown in Fig. 1. Fig. 2 gives the log-linear plot showing that the compressed bright soliton pulse maintains the shape even after the compression. The compression factor is found to be 10. From the experimental point of view, it is necessary to know the magnitude of the peak power to excite the chirped bright soliton. Similarly, the soliton period turns out to be another important physical parameter that is involved in the formation of a soliton. Thus, for the chirped bright soliton, we calculate the important and interesting physical parameters such as soliton peak power, energy and pulse width. The energy of the chirped bright soliton is calculated as
where b = 1 + 8λ 3 /3τ 2 0 λ 2 2 . Similarly, the other physical parameters namely peak intensity and the pulse width in terms of full-width at half-maximum (FWHM) are given by
where y = 1/b. From Fig. 3 , it is clear that the physical parameters like gain, energy and peak power increase exponentially while the width of the pulse decreases exponentially. This physical process aptly explains the occurrence of nonlinear pulse compression.
While the solitons in Eq. (17) exist in the anomalous dispersion regime, we found that chirped bright soliton like pulses are possible in the normal dispersion regime when the quintic nonlinearity is included. Under this physical condition (β(z) > 0, γ(z) > 0 and δ(z) > 0), the bright soliton like pulse in the normal dispersion regime is given by The bright soliton like pulse in Eq. (23) is entirely different from the bright soliton like pulse given in Eq. (17) since the latter soliton pulse goes to well known soliton when the quinic nonlinearity coefficient vanishes whereas the former does not. In Eq. (23), if the quintic nonlinearity approaches zero, the energy required for the soliton will approach infinity. This imposes the constraint on the formation of soliton. However, even if a small amount of quintic nonlinearity is present, formation of this new type of soliton is possible. The Figs. 4 and 5 represent the compression of chirped soliton like pulse. These figures explain that the soliton compression could also be achieved even in the normal dispersion regime only under the influence of competing nonlinearities. Compression factor is also 10 in this case.
We also calculate the energy, peak intensity and pulse width and they are given by
where y = 1/b. In the normal dispersion regime also, the physical parameters like gain, energy and peak power increase exponentially whereas width of the pulse decreases exponentially (Fig. 6) . These behaviors are similar to what has been found for the chirped bright soliton pulse. 
CONCLUSION
By using self-similar scaling analysis, the generation of chirped bright soliton as well as chirped soliton like pulse has been discussed for anomalous and normal dispersion regimes respectively. It has been found that both the soliton and soliton like pulses differ under the limiting case. In the normal dispersion regime, the system favors soliton like pulse formation only in the presence of quintic nonlinearity. The important and interesting physical parameters like peak power, energy and pulse width of these two chirped soliton and soliton like pulses have also been calculated. From the results, it has been found that the peak power, energy and gain increase exponentially while pulse width decreases exponentially. This physical process has also been explained and demonstrated through the pulse compression of these chirped bright soliton pulses and the compression factor has been found to be 10 for both the cases. Furthermore, the main conclusion of this work is that one could achieve the soliton type pulse compression for both anomalous and normal dispersion regimes under the influence of competing nonlinearities.
